ABSTRACT A novel broadband circular-polarized array antenna with ultra-wideband low radar cross section (RCS) is proposed. The array is made up of 2 × 2 identically circular-polarized sub-arrays in a chessboard configuration. Furthermore, each sub-array consists of 2 × 2 tightly coupled metasurfacebased elements with linear polarization. For radiation, each element is excited and fed with 90 • phase shift between adjacent ones to perform broadband circular-polarized operation. For scattering, destructive phase difference is created in an ultra-wide band for orthogonally polarized incidence due to the anisotropic structure. Thus, a considerable ultra-wideband RCS reduction involving in-band and out-of-band is achieved based on energy cancellation. By this means, broadband circular-polarized radiation and ultra-wideband low RCS performance can be achieved in a synthesized design process. The prototype is fabricated and measured. A good agreement between measured and simulated results verifies the validity of our design method.
I. INTRODUCTION
In recent years, radar cross section (RCS), as a quantitative determination of target stealth capability, has been paid more and more attention. As indispensable devices on target for communication and detection, antennas must assure effective radiation of electromagnetic (EM) waves first and foremost in terms of RCS reduction (RCSR). So far many methods have been brought up to obtain antenna RCSR, such as structural shaping or radar absorbing materials covering. The former one is based on energy deflection, while the latter is energy dissipation. Nevertheless, the above two methods, especially the latter one cannot be widely used because of inevitable deterioration of radiation performance.
Metamaterials (MTMs), artificially constructed of periodical sub-wavelength cells, are engineered to demonstrate exotic EM properties not found in nature, which opens a new window for achieving antenna RCSR. Metasurfaces (MSs), as two dimensional equivalents of three dimensional MTMs, have been extensively studied on their advantages of compact structure, low profile, good conformal shape and easy fabrication. The application of MSs on antennas can be categorized into two aspects in detail. One is absorbing, that is to transform incident energy into heat. The common methods can be further subdivided. One is to adopt passive frequency selective surface (FSS) loaded with lumped resistors [1] and capacitors [2] , or active FSS loaded with pin diodes [3] , varactor diodes [4] or non-Foster loads [5] . The second is to utilize orthogonally arranged [6] or vertically stacked metallic layers in multi-scales [7] . The last but not least is to use high loss substrate, resistive sheet or magnetic composite sheets [8] . The other is reflection manipulation, in other words is to achieve energy cancellation based on destructive phase interference. The traditional method is to combine artificial magnetic conductor (AMC) and perfect electric conductor (PEC) in a chessboard configuration to create a 180 • phase difference between reflected waves from these two tiles [9] . Consequently, RCSR in specular direction can be achieved. To broaden phase difference bandwidth, two main methods are proposed in previous literatures in general. One is to design broadband AMC structures by multilayers [10] , low relative permittivity and thick substrate [11] , and integration with active elements [12] . The other is to replace conventional PEC tiles with anther different AMC tiles to broaden the effective 180 • phase differential bandwidth [13] .
But in general, the similarity in aforementioned applications is that MS acts as an appendage for antenna in terms of RCSR.
Actually, if excited with appropriate feed solutions, MSs itself can act as antenna to radiate EM waves. Instead of bulky size for conventional patch antennas, MS-based antennas exhibit low-profile with good radiation performance in terms of wideband operation. Inspired by this conception, researchers have devoted to explore rich potential of MSs in manipulating EM waves. Broadband, low profile [14] , miniaturized [15] , high gain [16] , circular-polarized [17] , multi-beam [18] , surface wave suppression [19] , beamsteering [20] and polarization reconfigurable antennas [21] have been proposed in succession. With unprecedented advance in MS-based antennas in recent years, researchers start to focus on modifying the scattering performance of this kind antenna. In [22] , mushroom cells are utilized as radiator to achieve wideband, high-gain and in-band RCSR. In [23] , a low RCS and polarization reconfigurable antenna using cross-slot MS is proposed. In [24] , MS-based circular-polarized antenna array with reduced RCS is firstly proposed. Nevertheless, the RCSR bandwidth is still limited to some extent, and the radiation pattern is not good. Broadband MS-based antenna array with inherent ultra-wideband low RCS offers an appealing strategy for antenna design. Therefore, this paper is proposed to address the problem.
In this paper, a MS-based array antenna with broadband circular-polarized radiation and inherent ultra-wideband low RCS is proposed. By arranging periodical anisotropic MSs tightly together to act as a radiator element, multiple modes are simultaneously excited to achieve wide impedance matching bandwidth with linear polarization. The elements are then orthogonally arranged in a chessboard configuration with 90 • rotation in sequence. For radiation, once the neighbored elements are sequentially fed with 90 • phase shift, circular polarized radiation with broadband axial ratio bandwidth (ARBW) can be achieved. For scattering, when illuminated by incident waves, the inherent anisotropic property of MS enables the array of anti-phase reflection for both TE and TM polarizations. Consequently, the scattered field is dispersed and specular RCSR is obtained based on phase cancelation. By this means, the confliction between radiation and scattering performance can be dissolved in one single step, and then to simplify the design and fabrication process.
The paper is organized as follows. In section II, the mechanism of circular-polarized radiation and RCSR is theoretically analyzed, and antenna array design is introduced. Section III is devoted to investigate radiation and scattering performances of 2 × 2 circular-polarized antenna array by experiment. Finally, conclusions are drawn in Section IV.
II. THEORETICAL ANALYSIS AND ARRAY ANTENNA DESIGN
The proposed array consists of 2 × 2 identically circularpolarized sub-arrays, while each sub-array consists of Table 1 . Both radiation and scattering mechanism can be investigated though standard array theory [9] :
where E and AF represent the element pattern and array factor.
(2)
where A contains amplitude and polarized direction information, φ is phase shift, d is the distance between adjacent elements, kx = 2π sin θ cos ϕ/λ, ky = 2π sin θ sin ϕ/λ. For radiation case, all elements act as radiators when fed appropriately. The polarization of each anisotropic element lies in its physical arrangement, while the amplitude and phase depend on the feed source. Due to the orthogonal arrangement in our design, two orthogonally polarized fields can be created. Assuming that the input power of each element is the same, one would have A 1,3 ⊥ A 2,4 , A 1,3 = A 2,4 . φ 1,3 and φ 2,4 represent the input phase from feed source. Along normal direction with (θ, ϕ) = (0 • , 0 • ), there will be AF 1,3 = AF 2,4 = 2. Thus the total radiation field is simplified as
As can be seen the polarization of total radiation depends on the relationship between φ 1,3 and φ 2,4 . If φ 1,3 is 90 • ahead of φ 2,4 , the total radiated field is right-hand circular polarized (RHCP). Otherwise, if φ 1,3 falls 90 • behind φ 2,4 , left-hand circular polarized (LHCP) radiation would be generated. If φ 1,3 equals φ 2,4 , the total radiation would be linearly polarized within the diagonal plane. All in all, the polarization of radiated field can be adjusted at will by controlling input phases of each element.
For scattering case, all elements act as passive devices. For monostatic RCS with incident wave vertically impinging on the sub-array, the scattered field would be the same with the incident one. Assume that each element totally reflects incident wave with no absorption, then A 1,3 = A 2,4 . Thus, the total scattering field at normal direction is determined by
As can be seen that the total scattering field is closely related to the phase difference between φ 1,3 and φ 2,4 . When ϕ 1,3 − ϕ 2,4 = 180 • , the scattering field can be totally canceled out. Usually, a criterion is set to obtain a −10 dB RCSR compared with PEC. Then the effective phase difference is calculated as
For simplicity, we consider 180 • ± 30 • as effective phase difference for following analysis. Thus, it can be concluded that once the phase difference between φ 1,3 and φ 2,4 varies in the range from 150 • to 210 • , the scattering field can be canceled in the backward direction according to phase cancellation principle [10] . Hence, a considerable RCSR can be achieved.
Following the theoretical analysis, an anisotropic MS-based element with linear-polarized radiation is designed. 4 × 4 periodic bowtie patches are tightly-arranged on top of a 3-mm-thick substrate with dielectric constant of 2.65 and loss tangent of 0.002. The slot on the ground of same substrate with 0.5 mm thickness is coupled by a single stripline feed to excite the MS for generating desired radiation. The total size measures 36 × 36 × 3.5 mm 3 (∼0.66λ 0 × 0.66λ 0 × 0.06λ 0 at 5.5 GHz). The slot is designed as thin as possible to ensure no incident wave penetrating through.
For radiation, when MSs are excited through the coupling slot on the ground plane, two adjacent resonant modes are simultaneously excited to perform broadband impedance matching and consistent radiation [14] . For scattering, when illuminated by orthogonally polarized incidence, the anisotropic structure of MS results in different reflection response, which is necessary for energy cancellation. We use Ansoft HFSS v.14.0 to perform full-wave numerical simulations. As depicted in Fig. 2(a), a 19 .17% bandwidth for S11 < −10 dB is achieved from 5 GHz to 6.06 GHz, while a stable boresight radiation ranging from 6.97 dBi to 7.86 dBi is obtained over the impedance bandwidth. Fig. 2(b) plots the radiation patterns at 5.35, 5.5 and 5.75 GHz, respectively. As clearly shown that the radiation patterns are nearly the same and quite symmetrical with 3-dB gain beamwidth about 64 • . For scattering, to take the coupling effect into consideration, periodic boundary conditions are applied to the bowtie patch to investigate its reflection characteristics. As plotted in Fig. 3 , the reflection magnitudes maintain upon 0.986 in 2 ∼ 20 GHz for both polarizations, indicating the incident energy is almost reflected with no absorption. Furthermore, there exhibits only one 0 • reflection phase point at 10.46 GHz under TE-polarized incidence (electric field along y-axis), while dual 0 • reflection phase points appear at 5.16 GHz and 19.05 GHz under TM-polarized incidence (electric field along x-axis). Different reflection phases are observed under different polarized incidence, leading to an effective phase difference band shown in Fig. 3(b) . The simulated results meet the requirement for phase cancellation principle, implying RCSR in an ultra-wide band. Note that the stripline feed is not taken into account in single MS unit simulation, which may lead to a slight difference in reflection phase of the final design.
Once the MS-based element is fixed, these elements are then orthogonally arranged and sequentially rotated with 90 • to perform a sub-array as shown in Fig. 1(a) . For radiation, each element is fed with equal power with phase of 0 • , 90 • , 0 • and 90 • in sequence, then an sub-array with circular polarization is formed. As demonstrated in Fig. 4 , the common bandwidth for S 11 < −10 dB and 3-dB ARBW is from 5 GHz to 6.06 GHz, with boresight gain varying from 8.89 dBi to 10.24 dBi. Meanwhile, it can be concluded from radiation pattern that LHCP radiation is created as expected. To further illustrate the radiation principle, the current distributions at 5.5 GHz is plotted in Fig. 5 . As clearly observed, at the phase of 0 • , the currents strongly distribute on 1, 3 elements and flow in the x-direction, whereas at the phase of 90 • , the currents mainly on 2, 4 elements and flow in the y-direction. Thus, two orthogonal modes with a 90 • phase difference are excited to obtain the LHCP radiation at the broadside direction. It is worth mentioning that once the phases are in the fashion of 90 For scattering, as plotted in Fig. 6 , compared with a PEC board, a continuous 6-dB RCSR bandwidth is achieved in an ultra-wideband ranging nearly from 5 GHz to 20 GHz (120% relative bandwidth) with maximum RCSR reaching up to 23.8 dB. Three RCSR hollows appear around 6, 10.3 and 17.5 GHz as expected, which is nearly in accordance with the 180 • phase difference points in Fig. 3 . As seen in the inset, as a result of phase cancellation, the scattered energy redistributes into four lobes along diagonal plane instead of one single strong lobe, forming a low scattering space at normal direction as a consequence.
III. EXPERIMENTAL RESULTS
The finally designed MS-based antenna array consists of 2 × 2 identically circular-polarized sub-arrays with total dimension of 144 × 144 × 3.5 mm 3 (∼2.64λ 0 × 2.64λ 0 × 0.06λ 0 at 5.5GHz), as demonstrated in Fig. 7 . For radiation, a wideband 1-16 Wilkinson power divider is used to equally distribute the signal from one microstrip-line input to sixteen microstrip-line outputs, while coaxial cables with different lengths provide phase shifting between adjacent elements. As shown in Fig. 8 , the measured common bandwidth for S 11 < −10 dB and 3-dB ARBW is 4.94 ∼ 6.05 GHz, which maintains well compared with single sub-array. The boresight gain in the operation band varies from 13.59 to 16.39 dBi. Meanwhile, the measured radiation pattern at 5.5 GHz has a perfectly symmetric profile with boresight gain of 16.3 dBi, which gains 6.1 dBi higher than single sub-array.
For scattering, as depicted in Fig. 9 , a considerable and stable RCSR is achieved in an ultra-wideband involving in-band and out-of-band with maximum RCSR reaching up to 13.2 dB, 26.6 dB, respectively. Furthermore, over 6-dB RCSR is achieved in 5 ∼ 20 GHz (120% bandwidth), while over 10-dB RCSR is 5.7 ∼ 6.1 GHz (6.8% bandwidth), 9.2 ∼ 12 GHz (26.4% bandwidth) and 16.7 ∼ 18.3 GHz (9.14% bandwidth). The measured results agree well with simulated one, which validate the effectiveness of our design method.
Comparisons between proposed design and former metasurface-based antenna design have been made in Table 2 . In particular, [17] and [24] demonstrate performance of antenna array, while others of single antenna. As clearly shown, the proposed array antenna design yields an ultra-wideband RCSR involving in-band and out-of-band while achieving wideband circular-polarized radiation simultaneously. 
IV. CONCLUSION
A MS-based array antenna with broadband circular polarized radiation and ultra-wideband low RCS involving in-band and out-of-band is proposed. Both simulations and measurements indicate that the proposed method provides a simple and synthesized way to design array antenna with compact size, broadband operation, stable radiation profile and inherent ultra-wideband low RCS. The proposed design method offers an alternative and integrated way to address the confliction between radiation and scattering performance of array antenna. He has authored and co-authored over 60 technical journal articles and conference papers, and holds one China soft patent. His research interests include smart antennas, and electromagnetic metamaterial and their antenna applications.
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